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Introduction
Pollutant emissions have been a major concern for diesel engines for over a decade. Driven by climate change and environmental e ects, stricter emission regulations push the engine designers to look for solutions to build cleaner engines. Many studies have shown that optimized mixing of the injected fuel with the ambient gases was key to reducing pollutant emissions [1] [2] [3] . Although Computational Fluid Dynamic (CFD) simulation results are of great help when designing thermal engines [4] [5] [6] , experimental data are crucial not only to validate these models, but also to de ne the boundary conditions of the problem. One particularly interesting aspect is the di erence in ow and combustion for sprays interacting with one another or in isolation [7] . A few studies have been carried out to compare di erent spray spacing [8, 9] or the di erences between multi-and single-hole nozzles [10] . e former studies have been performed in an optical engine, while the la er was done in an optically accessible vessel. e level of detail achieved by the investigation from Jung et al. [10] goes well beyond what the Chartier's and Lequien's group has been able to extract. For instance, the quiescent and nearly constant conditions in the spray chamber allowed the authors to understand the detailed effects of low-li needle motion on spray opening and evaporation. e authors suggested that these observations should impact global mixing and combustion processes under reacting conditions.
Optically accessible vessels with high-pressure and temperature capabilities are necessary tools to study the development and combustion processes of fuel sprays into ambient conditions relevant to thermal engines.
e Engine Combustion Network (ECN) is an international collaboration group whose objective is to establish a library of reliable experimental data appropriate for model validation, and to leverage the scienti c understanding of spray combustion at engine relevant conditions [11] . For this purpose, the experimentalists use stateof-the-art optically accessible chambers in which nominally identical injectors are mounted to generate sprays under tightly controlled conditions [12, 13] . As part of the scope of research, the ECN uses single and multi-hole injectors with nominally identical speci cations [14] . e study by Jung et al. [10] mentioned earlier compared the multiple and single ori ce injectors from the ECN in an optically accessible vessel under inert, evaporative conditions. Yet, a follow-up study remains to be performed where the same conditions are analyzed under reacting conditions, in order to con rm the expectations based on the non-reacting tests.
In this work, a three hole injector (Spray B) from the ECN was used. is injector has a particularity as the three holes are not equally spaced, so that one of the ori ce would be more isolated from the others to o er be er optical access. A similar injector, featuring an axiallydrilled ori ce (Spray A), and also from the ECN, has been used as comparison to the three-hole version. e geometry and characteristics of both these injectors are well known and available on the ECN website [11] . Because of the relative simplicity of Spray A (single-hole), highly detailed experiments have been performed on this injector and spray system, but the geometry of Spray B comes closer to the multi-hole injectors found in production engines, thus driving signi cant interest from experimental and numerical researchers. e sprays have been injected in a high-pressure and high-temperature constant-pressure ow facility (CPF). is facility allows performing experimental studies simulating the conditions found in the combustion chamber of current compression ignition engines in terms of temperature, pressure or oxygen concentration. e tests performed in this study focused primarily on measuring the ignition delay and the ame li -o length under a range of conditions. e parametric variation carried out in this study concerned chamber pressure (gas density), gas temperature, ambient oxygen concentration and fuel injection pressure. Several optical diagnostics have been used to measure ignition delay and li -o length: Ignition delay detected by high-speed broadband ame chemiluminescence, as well as with high-speed schlieren imaging.
asisteady li -o length was measured via OH-chemiluminescence with an intensi ed camera, while time-resolved ame stabilization was measured with a high-speed camera acquiring broadband ame luminosity. is paper has been divided into four sections. Following this introduction, the experimental facilities are detailed, along with descriptions of the optical setups and experimental methods used in this work. e results are presented next, with the comparisons to the singleori ce from the ECN. e results are discussed in this same section, and correlations are proposed to predict ignition delay and li -o length with the three hole nozzle, compared to the correlation coe cients from the single ori ce experimental results. Finally, the last section presents the conclusions of this study.
Experimental setup and procedures
e following section brie y presents the experimental chamber and injection equipment used to carry out the experiments, followed by the test matrix, where test conditions are summarized, concluding with the optical setup and image processing methodology employed.
Spray chamber and injection system
According to the convention used by Baert et al. [15] , an optically accessible constant-pressure ow (CPF) test chamber was used. is chamber is not only able to reproduce the thermodynamic conditions of a Diesel engine, but also, compared to other high-pressure hightemperature vessels [15] [16] [17] , has the unique feature of presenting nearly quiescent and steady thermodynamic conditions within the chamber, allowing to test wide range of conditions and multiple repetitions without the penalty of long testing periods [12, 13] . e facility can be divided into four parts: compressors, heaters, test vessel and control system. High pressure gas, stored in reservoirs, enters the chambers through a 30kW electric heating system, rising the temperature to the desired level. en the hot gases exit the vessel and are cooled to be recirculated to the compressors or thrown to the atmosphere. When recirculating the gases, its possible to control the oxygen concentration in the test section.
e control system is a closed loop PID that adjusts both the pressure in the chamber, and the power output of the heaters. To reduce temperature di erences within the test chamber, the vessel has a double wall con guration: the external wall acts purely as a structural element, while the inner wall is thinner and its surrounded with an insulation layer, to avoid heat loss towards the outer shell.
e injector utilized for the experiments is part of the ECN dataset (ref: #0211200). e internal geometry and hydraulic characteristics have been thoroughly investigated and can be found on the ECN web page [11] . Following the ECN guidelines, a single component fuel (n-Dodecane) was used.
e injection system employed consists of commercial available components: high pressure volumetric Bosch CP3 pump driven by an electric motor and a common rail with pressure regulator controlled by a PID system. e injector is connected to the common rail with a high pressure line, and inserted in the vessel through a holder that has a continuous ow of ethylene glycol running in a parallel circuit, the uid's temperature in set to keep the injector's nozzle tip temperature constant [18] .
Test matrix
Test conditions are summarized in Table 1 . It includes Spray A target condition (T = 900 K, ρ amb = 22.8 kg/m 3 , p inj = 150 MPa, O 2 = 15%) as well as parametric variations following the ECN recommendations [11] with additional ambient conditions. 
Ignition delay
During the Diesel combustion, there are certain chemical reactions that produce molecules (radicals) in an excited state. ese radicals may go to more stable energetic levels, emi ing light during this process. is phenomenon (chemiluminescence) can be used for the determination of Diesel ignition. Dec and Espey [19] showed that CH radicals are excellent markers for the characterization of the rst phase Diesel combustion (cool ame), and that second stage ignition (SSI) can be characterized by the appearance of OH radicals. Accordingly, ignition delay is typically de ned as the time between the start of injection and second stage ignition. Di erent methodologies have been presented [20] [21] [22] in order to avoid the use of intensi ed ICCD cameras to detect ignition delay. Two di erent methods using high speed cameras have been employed in this study: Broadband chemiluminescence [13] and Schlieren imaging [20] . Details about the optical setups are presented in Table 2 . 
Schlieren imaging
Schlieren imaging relies on the deviation of light rays from their original paths consequence of them traveling through a non uniform medium [23] , in this case a Diesel spray injected in a hot atmosphere. Density gradients between fuel and ambient gases allow the Schlieren technique to detect the boundary of the spray, and by studying the variation of the intensity withing that spray boundary (in pixel counts) it is possible to determine the ignition delay [20] . e Schlieren setup, presented in Fig. 1 , is thoroughly described by Pastor et al. [24] , consists of a point light source (2 mm) located at the focal distance of a parabolic mirror (610 mm), with an incident angle minimized in order to reduce beam straightening, the light source used is a white-light 150 W halogen lamp. e now parallel light beams, colored yellow in the Fig. 1 , travel trough the testing section, gathering the information of the spray in meanings of deviation caused by density gradients. is deviated light (colored orange) is then collected by a 150 mm lens with a focal distance of 450 mm, where a diaphragm with a cut-o diameter of 4 mm is located. To reduce luminosity from combustion, a bandpass lter of ≤600 nm was used. Details of the optical setup used are presented in Table 2 .
To obtain ignition delay from the Schlieren imaging, the same approach used by Benajes et al. [20] was used. e processing methodology is brie y explained below: • Background correction: Images acquired tend to have a characteristic background pattern ( Fig. 2) , due to the temperature (i.e. density) inhomogeneities in the test section. Although this background is moving because of the continuous ow (CPF facility), between two consecutive images it can considered steady, due to the di erences between ow and spray velocities. Background correction is applied by subtracting pixels that were not within spray boundaries in the previous image.
• Spray boundaries: Following the methodology described by Siebers [16] , to obtain spray boundaries binarization threshold is de ned as 5% of the dynamic range for each image.
• Total intensity (y): De ned as the sum of the counts pixels that are part of the spray.
• Total intensity increment (∆y): Obtained by tracing the di erence of the total intensity (y) between two consequent images. Analyzing the total intensity increment signal (∆y), for example as presented in the le graph of Fig. 3 , it is possible to obtain parameters such as start of cool ame, or rst stage ignition due to the disappearance e ect, followed by second stage ignition (SSI) as a local maximum right a er rst stage ignition, because of the rapid expansion and darkening of the spray as can be observed in Fig. 2 .
For a more detailed information on the processing, please refer to [20] .
Broadband chemiluminescence ID
As stated before, combustion produces light by the process of chemiluminescence. is light can be seen and recorded as a signal through time, and because this phenomenon is directly related to combustion, there is a link between chemiluminescence and ignition delay [21] . Using a high-speed camera (Photron SA-X2), equipped with a Zeiss 100 mm lens, broadband chemiluminescence was observed through the frontal window of the test section, as seen in Fig. 1 . An example of the images obtain through this setup are presented in the right part of Fig. 2 , the histogram of intensity has been stretched to ease the visualization of ignition. Previous setups by other authors [13, 20] used long shu er times, increasing the sensitivity of the camera and allowing to record minor variations in light emissions. But this created a problem to measure broadband li -o length in the same injection event, because too much saturation was observed caused by the light emi ed from the ames of the 3 sprays and re ections on the background, thus a low shu er time was used, as can be seen in Table 2 .
Because of a short shu er time, a minor modi cation was done to the processing of the images. Originally, as explained by Lillo et al. [21] , a region of interest near the expected li -o length (or far from soot luminosity) is virtually drawn. en the maximum intensity in this region is traced per time step (for each image). Lastly, following ECN guidelines [11] , ignition delay is the time of the image with 50% of the intensity of high temperature chemiluminescence. In this case, because the camera was setup to be less sensitive to light, ignition delay is de ned as the time when the intensity of the image was above a very small threshold (0.6º% of the maximum digital level, just above background noise).
e right side of Fig. 3 , represents the maximum intensity recorded as a function of time for several repetitions. 
Li -o length
Flame li -o is de ned as the distance from the injector tip to the stabilized high-temperature reaction zone, and plays an important role in the combustion and emission processes, being an indicator of the time that fuel and air are mixing before reaching the combustion region [26, 27] .
2.4.1. OH* chemiluminescence OH* chemiluminescence is used to measured li -o length because it is known to appear under high temperature combustion [28] , but it was Higgins and Siebers [29] who rst measured LOL using an intensi ed cameras ed with an interferometric lter, concluding that OH* was a good indicator to measure the li -o length. As seen in Fig. 2 , an ICCD Andor iStar camera ed with a 100 mm f/2.9 UV lens equipped with a 310 ±5 nm CWL lter is used, following the ECN standard methodology [11, 26] . A constant intensi er gating time between 2.0 and 4.5 ms was used, in order to capture an average image of the injection event and reduce shot-to-shot deviation. Post-processing was done using the Siebers and Higgins approach [26] . A er ltering the image with a 3 x 3 pixel mean lter, the ame is divided through its axis into a top and bo om pro les, for each axial position the maximum intensity is traced as shown in Fig. 4 . e li -o length is the averaging of the distances between nozzle tip and the rst value above 50% of the intensity peak for each pro le. 
Broadband chemiluminescence LOL
As with ignition delay, it is possible to measure the li -o length with broadband chemiluminescence of the ame. As seen by Dec and Espey [19] , OH* chemiluminescence has its maximum intensity for a wavelength of 310 nm, whereas soot emission is above 340 nm. erefore, in broadband imaging the most predominant light recorded is the one radiated by soot, and as explained in the literature [19, 30] soot is present in downstream portions of the jet under most Diesel conditions. To avoid confusion and minimize this di erence, li -o length was de ned as the distance between the ori ce exit and the rst pixel with an intensity above a relatively low intensity threshold (3.5% of the digital level) just above background noise and are. To prevent liquid sca ering from a ecting the measurement, an o set was de ned, so only the region downstream of the maximum liquid penetration was taken into account during the processing. In order to obtain a single value, the time-resolved LOL measurements were averaged between 3 and 4 ms a er start of injection (ASOI), which corresponded to the period during which the ame was stable across the di erent conditions.
Results and discussion
In this section, all results obtained are presented, e ect of tested conditions on the parameters studied are discussed, also including di erences observed between the single ori ce nozzle and the injector used. Additionally, due to the wide range of conditions tested, empirical correlations that relate the impact of tested conditions on these parameters are calculated and also compared with the single ori ce nozzle.
Ignition delay
In order to help understand the in uence of the parametric variations in the ignition delay, rst a comparison of the two methods used is presented, following only by the results of the delay obtained with broadband chemiluminescence (density variations were only recorded through this methodology). Fig. 5 shows all the ignition delays calculated for all conditions tested, Note that color gradients correspond injection pressure variations, being the darkest color 150 MPa and the lightest 50 MPa. Some considerations can be made:
• High temperature conditions (900 K) showed excellent agreement between methodologies.
• Ignition delays obtained through Schlieren imaging tend to be higher than those from broadband chemiluminescence. is is due to the fact that the processing methodology used in broadband ID is sensitive to light emission from the ame, on the other hand, Schlieren depends on the intensity of the pixels and its variations, as explained before.
• When reaction occurred rapidly (for example, high temperature conditions), results showed be er agreement. So the sensitivity of the broadband processing had a minor e ect for shorter ignition delays. On the other hand, with higher delays, as light was captured by the broadband camera in a very early stage of the start of ignition, Schlieren methodology needs the combustion to occur and the spray to expand, in other words, needs the whole phenomenon of disappearance/re-appearance to occur, and at lower temperature this process is slower so the processing lags compared to broadband in detecting the ignition delay. So reaction rate plays an important role in the di erences obtained for higher ignition delays.
• Both methodologies capture second stage ignition in di erent ways, so di erences are expected. Still results are in very good agreement for conditions tested, although is not clear whether good agreement will continue for higher ignition delays (i.e. lower temperatures). 
Impact of operating conditions on ignition delay
Experimental results by multiple authors [27, 29, [31] [32] [33] [34] have shown the e ect of oxygen concentration, ambient temperature, density and injection pressure on ignition delay. As theoretically explained by Petrucci et al. [35] , increasing oxygen concentration and ambient temperature accelerate oxidation reactions, resulting in a reduction in ignition delay. On the other hand, injection pressure and ambient density play a signi cant role in the mixing process, which is directly link to the time when combustion occurs. Experimental results have shown that increasing chamber density and injection pressure resulted in a decrease of the ignition delay.
Knowing that both methodologies showed very similar results, is possible to isolate how parametric variations of ambient conditions a ect ignition delay for this injector, as shown in Fig. 6 . e le plot shows to that oxygen concentration and injection pressure play a minor role on the ignition delay, ambient temperature being the most dominant factor. On the right plot of Fig. 6 , although density variation was only studied for a xed oxygen concentration and only one ambient temperature, it can be observed that plays an important role, because moving from 7.6 to 22.8 kg/m 3 the ignition delay was reduced by almost 40%. 
Li -o Length
Following the procedure previously described, a comparison between the OH* and broadband chemiluminescence imaging methodologies used is rst presented, in order to discuss each method.
en, to observe the e ect of parametric variations of ambient conditions on the li -o length, only the results of OH* chemiluminescence will be used, being the standard methodology of the ECN and the most widely used technique. In Fig. 7 results of both imaging setups are presented, the horizontal axis corresponds to OH* chemiluminescence, and vertical axis is broadband chemiluminescence, with solid black line which correspond to y = x. From the gure, some observations can be made:
• Trend showed that broadband LOL is mostly higher than OH* chemiluminescence LOL.
is is because broadband imaging captures mostly the light emi ed by soot, and as stated before, soot is present in downstream portions of the jet, so only for conditions where OH* chemiluminescence and soot luminosity occur near the same region, results would agree, probably under ambient temperatures above the ones tested.
is same e ect was observed also by Bazyn and Koci [36] .
• OH* chemiluminescence imaging is a widely proven methodology for measuring li -o , so the lach of agreement in the results can be mostly a ributed to broadband chemiluminescence imaging, as sensitivity plays a major role. Nonetheless, this type of imaging it still useful to study a time resolved li -o length, although new methodologies like intensi ed high speed cameras are recommended for future experiments.
• To study the e ect of parametric ambient conditions on li -o length, OH* chemiluminescence imaging is used, because of the reasons stated before. 
Impact of operating conditions on li -o length
It was previously said that li -o is a good indicator of how well air and fuel are mixed before combustion. As others authors have described in their results [27, 29, 37, 38] , increasing density, ambient temperature and oxygen concentration will reduce li -o length, because they improve evaporation and mixing. On the other hand, increasing injection pressure correspond in an increment in spray velocity, and as describe by Peters [39] , li -o is the region where the stabilization between of jet velocity and ame front speed occurs, so li -o length increases, this e ect has also been observed experimentally [20, 26] .
In Fig. 8 is possible to observe how test conditions a ect li -o length. LOL is plo ed against di erent oxygen concentrations, colors and symbols correspond to variations in temperature and injection pressure, respectively. In addition, two images (A and B) are also presented to compare ame uniformity for di erent conditions. From the results, its possible to observe that at low ambient temperature and oxygen concentrations, injection pressure seems to play a bigger role in the li -o length. As expected, with increasing temperature and oxygen concentration, li -o length is reduced. Also at higher temperature, ame near LOL was more uniform (see Fig. 8, images A and B) and showed less deviation through each repetition, this was also true with increasing oxygen concentration as well. 
Time dependent li -o
As seen in Fig. 7 , OH* and broadband chemiluminescence li -o measurements showed signi cant deviation. Still, results from the la er methodology are useful to observe ame stability through time, and study how certain parameters play a role in its stabilization. In order to measure a time-dependent li -o length and to simplify comparison between conditions, a rolling average procedure was used to obtain the mean values between repetitions for each condition tested, following the methodology proposed by Payri et al [40] . Accordingly, in Fig.  9 , time dependent li -o measured through broadband chemiluminescence is plo ed. From the two graphs, it is possible to conclude that at lower oxygen concentration and injection pressure, ame propagation is slower once injection has ended (note the slope of the curve), temperature seems not to a ect this phenomenon. Because the mixture ignites in one or several locations, transients at the beginning of the curve present di erent forms, but the general trend is that li -o gets closer to the injector, then is stable during the injection period, and the ame propagates at a xed rate (constant slope) once injection has ended. 
Comparison with single ori ce nozzle
e results obtained with the 3-hole nozzle are comparable to the ones showed by Benajes et al. [20] for the single hole, because both injectors are analog in technology and characteristics.
e Spray B injector was developed with the same ori ce speci cations as Spray A, in order to understand how the internal geometry of a multi ori ce injector a ected spray development. As stated before, all the data for both injectors can be found on the ECN website [11] . In Fig. 10 , comparisons between the two injectors are presented, please note that only common conditions are compared. On the le plot, Spray B shows shorter ignition delays for most of the conditions. is can be a ributed to the temperature di erences across the chamber, as the sprays do not penetrate in the same direction. e ori ce of interest in Spray B was pointing downwards towards a region of the chamber closer to the inlet, and as shown in previous results, ambient temperature is a key factor in the development of the combustion, although still the di erences were very small. In the right part of the gure, li -o length results show a similar trend as ignition delay, Spray B showed shorter LOL in most of the conditions compared, but even though temperature plays a big role in the result of li -o as well, the di erences between injectors was smaller than in the previous case.
is can be a ributed to the fact that ignition delay is more related to fuel chemistry, on the other hand, LOL is also driven by ame speed.
Statistical analysis
anks to the wide range of conditions tested it is possible to perform a statistical analysis . Empirical correlations have been used by many researchers to describe the relationship between conditions and both ignition delay, reviews of these correlations are presented by Ramos [41] and Heywood [42] . For ignition delay, many authors have used derived versions of Arrhenius equation, as his original equation only describes the dependency of reaction rates on temperature, adding the in uence of other parameters such as oxygen concentration [34, 38] , injection pressure [18, 32, 43] , or density [20, 27, 34] . In accordance with the work of previous authors, the following equation describing the dependency of ignition delay under changing conditions is proposed:
Where ID correspond to ignition delay, T to ambient temperature, ρ amb to ambient density, ∆p inj is the fuel pressure drop through the nozzle's ori ce, estimated to be the di erence between injection and chamber pressure, and nally O 2% is oxygen concentration. For lio length, although Arrhenius-derived equations have also been widely used [27] , in order to compared the results of the coe cient of the approximation with the analog single ori ce injector from the ECN dataset, the same approach used by Benajes et al. [20] is proposed, so an exponential equation is de ned:
Where the term in parenthesis correspond to the theoretical velocity of the fuel at the nozzle exit. In tables 3 and 4, results from equations 1 and 2 are respectively presented. Additionally, coe cients obtained from the regressions by Benajes et al. [20] for the single ori ce are included. Because results shown in Fig. 5 showed excellent agreement for high temperature, ignition delays values for lower ambient densities have been added to the Schlieren regression, in order to quantify the impact of density. Ignition delay correlation for Spray B obtained with Schlieren imaging showed good agreement with those obtain for Spray A. e broadband chemiluminescence coe cients for temperature, injection pressure and oxygen concentration for Spray B are not matching the Spray A coe cients, which supports the statement that this methodology is too sensitive to light variations and conditions, yet high value of R 2 for both methodologies con rm the excellent repeatability and reliability of the results gathered. On the other hand, li -o length coecients also showed excellent agreement, con rming the results of the experimental comparison presented in Fig. 10 .
Conclusions
Ignition delay and li -o length measurements were carried out in a constant-pressure ow facility. Both parameters were measured via two di erent methodologies: Ignition delay obtained with broadband chemiluminescence and Schlieren imaging, LOL measured with OH* and broadband chemiluminescence. For the study a 3 hole injector from the ECN, and a single component fuel (n-Dodecane) were used. A wide range of test conditions were implemented, including variations in oxygen concentration, injection pressure, ambient temperature, and density. Additionally, results were compared with a single hole injector also from the ECN, with similar ori ce speci cations. Empirical correlations were obtained and also compared with this injector. e results showed good repeatability and consistency with what found in the literature. In addition, good agreement with experimental results from other authors has been observed when comparing single and multi hole nozzle, highlighting the reliability of the data. e following conclusion can be drawn:
1. Ignition delay showed minor di erences measured via the two methodologies. A di erent approach, due to shorter exposure time, was used to process broadband chemiluminescence results, to counter saturation due to combustion in the images gathered. is approach proved to give accurate results when compared to ignition delay via Schlieren imaging for the conditions tested. 2. On the e ect of test conditions on ignition delay, the trend obtained is consistent to what was found in the literature: increasing density, temperature, injection pressure and oxygen concentration, all reduce ignition delay; the former two parameters having a bigger impact on ignition than the la er two. 3. Broadband chemiluminescence li -o length results obtained are not comparable with OH* chemiluminescence for the con guration used, because soot formation occurs downstream in the spray. To minimize this, a very low threshold value was used, but still results between methodologies showed big dispersion, as CH* chemiluminescence was not capture due to low sensitivity. Nonetheless broadband chemiluminescence allows to REFERENCES study ame stability through time. From this ndings, for lower injection pressures and oxygen concentration, ame propagation was lower once the injection ended. Temperature did not a ect this phenomenon. Also ame propagation once the injection ended was observed at a xed rate. 4. Li -o variations throughout test conditions also showed good agreement with results from the literature: li -o length decreases with increasing ambient temperatures and oxygen concentrations, or decreasing injection pressure. 5. From an experimental point of view, nozzle geometry had a small e ect on ignition delay and li -o length. Due to the fact that sprays penetrate in di erent directions, multi hole nozzle was directed towards a region of the chamber with higher temperature, thus explaining the di erence in smaller ignition delays and shorter li -o lengths. is highlights the importance of temperature variations along the chamber for spray and combustion development. 6. Good agreement was found on the coe cients of the empirical correlations calculated when compared to the single hole injector, specially for ignition delay measured with Schlieren imaging and li -o length through OH* chemiluminescence. is supports the results obtained when comparing the two di erent injectors analog in technology and geometry characteristics, and shows that variations in test conditions have a similar impact on ignition delay and li -o regardless nozzle ori ce con guration. 7. High R 2 obtained in the empirical correlations shows the good repeatability and reliability of results gathered.
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